The temperature dependence of the dynamics of the fraction F (t) of persistent spins in the triangular Q-state Potts model is investigatedby large scale Monte Carlo simulations. After extending Derrida's approach of measuring the fraction of spins that remain in one phase to all Q low-temperaturephases, it is shown that the exponent of algebraic decay of F (t) is independent of temperature. Keywords: Potts model; Domain Growth; Coarsening; Damage Spreading.
In the zero temperature Potts model, persistent spins or \survivors" are the fraction F(t) of spins which have not ipped until time t when the system evolves under a single-spin-ip dynamics. Derrida et al. 1;2 have shown that in one dimension, F(t) decays algebraically with an exponent varying continuously between zero and one as Q increases from 1 to 1. In two dimensions, early Monte Carlo simulations by Derrida et al. 3 con rmed the Q-dependence of the exponent , but su ered from blocking e ects on the square lattice. Additionally, results for high Q were inaccurate due to curvature in the log-log plots. By large scale Monte Carlo simulations of the triangular Potts model where the vertex dynamics does not su er from blocking, we have recently con rmed 4;5 that in two dimensions, also varies continuously with Q and approaches unity for Q!1.
At nonzero temperatures, it is inadequate to measure the fraction of persistent spins by the number of spins which never ipped until time t: in the presence of thermal uctuations, this quantity decays exponentially fast. Derrida 6 has extended the concept of persistent spins to nonzero temperatures below T C by comparing a system A where coarsening takes place when starting from a random initial con guration to a system B which starts with all spins having the same color 1. When submitting both systems to the same thermal noise, it is possible to distinguish thermal uctuations from motions of interfaces in the coarsening process, since the spin ips in system B can be attributed to thermal uctuations. The fraction r(t) Permanent address. 1 of spins which stay in color 1 can then be determined by measuring the fraction of spins which have been identical in system A and B until time t.
Derrida 6 has simulated the Ising model on the square lattice and for 0 T < T C observed an algebraic decay, r(t) t ? ; (1) of r(t) with e ective exponents depending only weakly on temperature. Utilizing a 256-processor Cray T3E, Stau er 7 later con rmed that this variation was due to limited statistical accuracy: the exponent is indeed independent of temperature, with an universal value equal to the zero temperature result = 0:22. Derrida 6 also simulated the Q = 7 Potts model on the square lattice. As expected for the square lattice, 8;9 blocking was evident for T =0. At nite temperatures an algebraic decay of r(t) has been observed, with estimates ( 1 3 T C ) 0:40 and ( 2 3 T C ) 0:55. However, is was suspected that this variation of with temperature may be caused by too short simulation time or insu cient statistical accuracy and so the problem of universality of the exponent in the Potts model is still unsettled. In this article, we report on large scale simulations on an IBM RS/6000 SP parallel computer to clarify this question. We use the same algorithm as Derrida: 6 System A is initialized randomly and system B starts with all spins in one color. In each step, a lattice site is choosen at random and the new colors of that site in system A and system B are chosen according to a \thermalized" majority rule. However, all simulations are carried out on a triangular lattice to prevent slowing down of the dynamics and to facilitate a comparison with our zero-temperature results. 4;5 To obtain su ciently accurate statistics, up to 144 lattices of size 1000 1000 have been simulated in parallel. Initial simulations of the Q=3 and Q=7 Potts model showed that the time series for r(t) vary considerably from sample to sample, as well as the e ective exponents obtained by tting that data to a power law in consecutive time intervals. One characteristic case for Q=3 is shown in Fig. 1 : The e ective exponents for T = 1 3 T C barely vary with time and agree well with our zero-temperature result 5 = 0:31. For higher T, e ective exponents are larger at short times but decrease for longer times. Unlike the Ising case, 7 they do not converge to the zero-temperature value of but fall even below that value and seem to approach a value below 0:25. The second typical behavior for Q = 3 is shown in Fig. 2 : E ective exponents at short times are slightly higher than in Fig. 1 and then increase with time. Both e ects become more pronounced for higher T (below T C ).
This qualitatively di erent behavior can be explained by the following observa-tion: Measuring the fraction of spins which are in each of the Q di erent colors reveals that the fraction of some colors grows while the fraction of other colors shrinks with time. This is more pronounced at higher temperatures, and does not appear to be a nite-size e ect (similar results for systems of size 500 500, 1000 1000 and 2000 2000). It has also been con rmed using di erent random number generators. This observation contradicts the assumption of Derrida 6 who conjectured that all the Q colors behave \symmetrically" and that the total fraction F(t) of persistent spins is simply Q r(t). It has been veri ed by visualizing checkpoints of the simulations that Fig. 1 corresponds to the case where the color of system B grows in system A. The fact that falls below the zero-temperature value (and may well approach the Ising value) can be explained by the fact that due to the shrinking of a color, the Q=3 system looses many vertices and the dynamics of the growing colors becomes e ectively Ising-like, with domain wall di usion being the predominant mechanism. On the other hand, Fig. 2 corresponds to the case that the color of system B shrinks in system A and so the decay of r(t) is faster. This has been emphasized by showing results for a small system, but it also happens for larger system sizes. To compensate this imbalance of the colors' area fractions, the simulations have been extended by comparing system A not only to one system B which has been prepared in one color, but by comparing it to Q di erent systems B q which are initially in color q with q=1 : : :Q. Measuring the corresponding Q di erent fractions r q (t), the total fraction F(t) of persistent spins can then be calculated as
As in Ref. 6 , the r q (t) are normalized so that 0 F(t) 1. Results of these simulations for Q=7 are shown in Fig. 3 , and the e ective exponents obtained by tting (2) to a power law are given in Fig. 4 . In agreement with zero temperature results, 5 e ective exponents for T = 1 3 T C slightly increase with time and approach the zero-temperature value = 0:47. For higher temperatures, the initially larger e ective exponents also approach the zerotemperature limit, although uctuations are stronger. After 10:000 Monte Carlo steps per spin in a 1000 1000 lattice, typically of the order of ten domains of each color remain in the system, so extending the simulations for longer times is not sensible. At that time, the area fraction of the largest color has grown over its initial value 1=Q by a factor of approximately 2:7 at T = 5 6 T C , 2:0 at T = 2 3 T C , and 1:3 at T = 1 3 T C . In the Q = 3 Potts model, results are similar but more di cult to analyze because of the above-mentioned fact that the dynamics very quickly becomes Ising-like if su ciently many vertices have disappeared. In summary, we have shown that in triangular Potts models evolving under a \thermalized" mayority rule, 6 the fraction of spins in each of the Q colors becomes imbalanced with time and even moderate deviations from the initial area fraction 1=Q have a pronounced e ect on the decay of the fraction of persistent spins of that color. It would be interesting to study this growing imbalance of the fractions of the individual colors in more detail, which has not be done in the present simulations. When measuring the fractions of persistent spins of all colors, the expected algebraic decay of F(t) could be reinstated and simulations con rmed that in the whole temperature range below T C , the exponent converges to its zero temperature value. We have thus shown that is universal not only in the Ising model 7 but also in the Potts model.
